The aim of this study was to determine the correlation between the external friction angle of cereal kernels and the roughness of a steel friction plate. The experiment was performed on the kernels of five principal cereals: wheat, rye, barley, oats, and triticale. Flat seed units composed of three spaced kernels joined by adhesive tape were analyzed in each experimental variant. The external friction angle of flat seed units was determined on nine steel friction plates with different roughness. Measurements were performed in three replications with a photosensor device which registered the external friction angle of cereal kernels. On friction plates with surface roughness Ra = 0.36 to Ra = 6.72, the average values of the angle of external friction ranged from 17.56 • in rye kernels to 34.01 • in oat kernels. The greatest similarities in the angle of external friction were observed between wheat and triticale kernels, whereas the greatest differences were noted between barley and oat kernels and between barley and triticale kernels. Friction plates made of ST3S steel should be characterized by the lowest surface roughness to minimize energy consumption during grain processing. The optimal surface roughness of steel friction plates was determined at Ra = 0.9.
Introduction
Cereals are a group of flowering grasses of the family Poaceae. The fruit of grasses are kernels, which are characterized by high starch content and are used in the production of foodstuffs and feedstuffs and in industrial processing. The main cereal-derived foods are flour, grits, oil, and syrup. Cereals play vital roles in many industries, including milling, distilling, brewing, and pharmaceutical processing. Cereal processing requires a thorough knowledge of the physical properties of seeds/kernels, including frictional properties which influence seed transport, proportioning, mixing, compaction, and processing [1] [2] [3] [4] [5] [6] [7] .
Most industrial surfaces appear highly complex during microscopic observations. They are composed of irregular elements that differ significantly in height and distribution. In terms of geometry, technological surfaces are characterized by variations in shape, waviness, porosity, directional structure, and geometric defects. These features are collectively referred to as geometrical product specifications (GPS) [8] . When surface irregularities are classified based on wavelength, roughness is generally considered to be the high-wavelength component, waviness the medium-wavelength component, and porosity the short-wavelength component of a measured surface. In engineering practice, GPS are generally determined along the cross-sectional profile of a surface [8, 9] . Several height and longitudinal parameters are used to characterize a surface in two-dimensional (2D) space, including Ra: arithmetical mean deviation of a profile, Rz: height of peaks at 10 points along a profile, Rt: total profile height, and Rq: root mean square of profile deviations [8] [9] [10] . Surfaces cannot be comprehensively described with the use of a single profile, which is why their irregularities are analyzed and registered in three-dimensional (3D) space. The following GPS parameters have been developed for surface evaluations: Sa: average roughness, Sp: maximum peak height, Sq: root mean square roughness, Sv: maximum valley depth, Ssk: skewness, etc. [9, 11] .
Surface roughness can be measured with the use of automated profilographs and microscopes or by comparing the analyzed surface against a reference material. In analyses that involve profilographs, the surface contour is copied by sliding the cutting head across the surface with constant speed. Textural variations are registered by a mechanical-optical system or an electronic system, and they are processed into parameters that collectively describe surface irregularities along the measured section. The cutting head should have a very small nose radius (the optimal range is 1.5 to 12.5 µm) and minimum test load (0.0004 to 0.06 N) to accurately render the profile. Optical measurements involve non-destructive tests where surfaces are analyzed with the use of light-emitting and light interference devices. These methods are generally rapid, but they reflect selected statistical properties of the analyzed surface; therefore, a suitable parametric model and advanced image analysis software are required for parametric analyses [8] .
Friction is generally defined as a combination of phenomena that occur at the point of contact between two physical objects and result from the mutual movement of contacting surfaces. Friction causes moving objects to lose their energy, and their surfaces are deformed at the point of contact. In solids, surface deformation is caused mainly by the formation of grooves and abrasion [2, 3] . Friction is difficult to explain, and several theories have been proposed to describe this phenomenon with varying degrees of precision. Three groups of theories have been postulated: mechanical, molecular, and mechanical/molecular. According to the most accurate theories, friction is a phenomenon with a dual mechanical and molecular nature [1] [2] [3] [4] 12] . The most recent theory of friction has been developed by Frączek [1] , who postulated that friction force has three components: deformation, adhesion, and cohesion. According to Frączek, the deformation component is linked to changes in the shape of surface asperities that tug each other. Deformation is directly proportional to the applied load, and it is determined by the surface roughness and elasticity of the materials that form a friction pair and by the moisture content of plant materials. The adhesion component accounts for the contact between the surface layers of two physical objects, and its value is determined by sliding velocity, duration of frictional contact, and surface microhardness of plant material. Adhesion is a power function of load. The cohesion component is related to the mutual attraction between the molecules of a friction pair. It is determined by the real area of contact and the microhardness of plant material. Therefore, the proposed theory accounts for deformations caused by tugging between surface asperities and forces of attraction and cohesion between the surfaces that come into contact. It has been assumed that external friction is influenced by various properties of materials that form a friction pair. Similar interpretations of friction have been provided by Horabik [13] , Molenda and Horabik [14] , Afzalinia and Roberge [3] , and Bakun-Mazor et al. [15] .
According to the literature [1, 3, 4, 7, 12, 13, [15] [16] [17] [18] , the following parameters should be taken into account in descriptions of seed-processing operations: seed attributes (maturity, moisture content, species, variety, shape variations), properties of the friction plate (type of material, roughness parameters), friction conditions (seed orientation relative to the direction of movement, sliding distance, presence of normal load), and environmental conditions (air temperature and humidity).
Frączek [1] , Molenda et al. [12] , and Horabik [13] observed that the geometric structure of a surface and the roughness of biological materials influence the frictional properties of seeds. Despite the above, most researchers indicate only the type of structural materials, such as concrete, steel, or wood, without describing their manufacturing precision. For this reason, published data should be interpreted with caution because they do not account for differences in surface smoothness which influence adhesion.
The aim of this study was to determine the correlation between the external friction angle of the kernels of five cereal species and the roughness of a steel friction plate and to generate data for grain processing models.
Materials and Methods

Sample Preparation
The experiment was performed on the kernels of the five principal cereal species: wheat cv. Batuta, rye cv. Dańkowskie Diament, barley cv. Rataj, oat cv. Bingo, and triticale cv. Berenika. Grain was harvested in the Region of Warmia and Mazury in northern Poland. The kernels of each cereal species were separated from the threshed mass harvested in 2016 with a combined harvester. The obtained grain was stored in a closed container at room temperature (around 20 • C) for around 5 months. The relative moisture content of stored grain was determined on a drying scale with a MAX 5-/WH halogen lamp (Radwag Radom, Poland). The analyzed parameter was similar across the analyzed cereal species in the range of 9.5% to 10.2%.
Fifty kernels of each tested cereal species were selected by the survey sampling method [19] , and their physical properties (basic dimensions and mass) were determined. Fifty flat seed units ( Figure 1 ) were prepared for each experimental variant (nine friction plates). Each flat seed unit was composed of three spaced kernels that were placed on the friction plate with the crease down and joined with adhesive tape. 
Physical Properties
The length L and width W of each kernel were measured under an MWM 2325 workshop microscope (PZO Warszawa, Poland), kernel thickness T was measured with a dial test indicator (MasterTools, Kraków, Poland), and kernel mass m was determined on a WAA 100/C/2 laboratory weighing scale (Radwag Radom, Poland). The above measurements were performed according to the methodology described by Kaliniewicz et al. [21] . Each measurement of length L and width W was based on two readouts from the micrometer screw gauge, and the above parameters were determined to the nearest 0.02 mm. Kernel thickness T and kernel mass m were determined to the nearest 0.01 mm and 0.1 mg, respectively.
The dimensions of cereal kernels were used to determine the following parameters:
• geometric mean diameter D, aspect ratio R, and sphericity index φ [22] :
• density ρ (on the assumption that kernel shape resembles an ellipsoid):
Flat seed units were used to measure the angle of external friction α of cereal kernels. The measurements were performed with a device equipped with photodetectors ( Figure 2 ) [18, 23] . Friction plates were attached to the arm of the testing device. The roughness parameters of friction plates were determined in 2D space with a Diavite DH-5 surface roughness tester (Bülach, Switzerland), and they are presented in Table 1 . Flat seed units were placed on a horizontally inclined plate, just above the light level of the top photodetector. The adjustable arm was lifted with a constant angular velocity of 1.25 • ·s −1 . When kernel motion was initiated, the light beam was interrupted and the arm was automatically paused. The angle of inclination was measured to the nearest 0.01 • . Every flat seed unit was measured in three replications, and the results were used to calculate the average values. After the angle of external friction had been measured in five successive flat seed units, the plate was wiped with cotton wool saturated with petroleum ether (Chempur PiekaryŚląskie, PiekaryŚląskie, Poland) to remove cutin. Ra: arithmetical mean deviation of a profile; Rz: height of peaks at 10 points along a profile; Rmax: maximum peak height; R3z: average roughness profile along five successive sampling lengths; Rt: total profile height (between the highest peak and the lowest valley); Rq: root mean square of profile deviations.
Statistical Analysis
The measured angles of external friction were processed in Statistica PL v. 12.5 (StatSoft Polska Sp. z o.o., Crakow, Poland) at a significance level of α = 0.05. The differences between the measured angles of external friction were determined by one-way analysis of variance (ANOVA). The normality of each group was verified by the Shapiro-Wilk test, and the equality of variances was assessed with Levene's test. Where the null hypothesis postulating equal average values of external friction angles was rejected, the significance of differences was determined and homogenous groups were identified with the use of Duncan's test [24] .
Results
Experimental Material
The physical parameters of kernels of the evaluated cereal species are presented in Table 2 . The standard error of the mean did not exceed 0.3 mm in basic dimensions and 3 mg in mass. Average thickness was identical in wheat, barley, and triticale kernels, and it was similar in rye and oat kernels. Barley kernels were characterized by the greatest average width, and rye kernels by the smallest average width. The above results contributed to similar ratios between the mass and geometric mean diameter of kernels in these cereal species. Wheat kernels were shortest, and oat kernels were longest. As a result, wheat and oat kernels were also characterized by extreme average values of the aspect ratio and the sphericity index. The kernels of the analyzed cereal species were arranged in the following descending order based on their average density: wheat, triticale, rye, barley, and oats. 
Angle of External Friction
The angle of external friction of the evaluated cereal kernels (Table 3 ) ranged from 13.71 • in rye to 44.92 • in oats. The average angle of external friction ranged from 17.56 • (rye kernels on a steel plate with surface roughness Ra = 0.90 µm) to 34.01 • (oat kernels on a steel plate with surface roughness Ra = 6.72 µm). The standard error of the mean did not exceed 1.3 • . The above results indicate that the angle of external friction is largely determined by the surface roughness of the steel plate. With the exception of wheat, the smallest angle of external friction was noted on a steel plate with surface roughness Ra = 0.90 µm. The difference between the largest and the smallest angle of external friction of cereal kernels on the evaluated steel plates ranged from 11.35 • (barley) to 15.55 • (rye). The differences in the average angles of external friction on the same steel plate were not significant. Similar observations were made in the analysis of variance, which supported the identification of homogeneous groups of external friction angles and where significant differences in the evaluated parameter were not noted between cereal species on any of the tested steel plates. Subject to plate roughness, the difference between the largest and the smallest angle of external friction ranged from a, b, c, d, e, f, g, h : different letters denote significant differences in the average values of the angle of external friction of same-species grain on the tested friction plates; A, B, C, D : different letters denote significant differences in the average values of the angle of external friction of cereal kernels on the same friction plate.
Correlation between Plate Roughness and the Angle of External Friction of Cereal Kernels
Due to the similarities in the frictional properties of cereal kernels, one homogeneous group was created for further analyses. The changes in the external friction angle of kernels tested on plates with various surface roughness are presented in Figure 3 . In general, the average angle of external friction increased with a rise in parameter Ra within the adopted range of plate roughness values. The above function cannot be described with a simple equation because the angle of external friction increased or decreased relative to the general change trend in selected points. Such characteristic points were the average values of the external friction angle on steel plates with surface roughness Ra = 0.47 µm (21.83 • ), Ra = 0.9 µm (18.37 • ), Ra = 3.7 µm (30.32 • ), and Ra = 4.78 µm (28.52 • ). The smallest variations in the values of external friction angles were observed on a steel plate with surface roughness Ra = 0.36 µm, and the greatest variations were noted on a plate with surface roughness Ra = 5.66 µm. 
Discussion
The dimensions and mass of kernels of the analyzed cereal species did not differ significantly from the values given in the literature [25] [26] [27] [28] [29] . The kernels of wheat cv. Batuta resembled the kernels of wheat cv. Boroudeur [30] , Korweta [25] , Pehlivan [31] , and Baekjoong and Keumkang [29] . In terms of physical properties, the kernels of rye cv. Dańkowskie Diament were similar to the kernels of rye cv. Dańkowskie Złote [25] , and the kernels of barley cv. Rataj to the kernels of barley cv. Tiffany [26] . In view of the above, it can be assumed that kernel dimensions were within the range of intra-specific variations for the analyzed cereals; therefore, they could be regarded as representative of the tested material.
According to numerous authors, including Molenda et al. [12] , Frączek [1] , Horabik [13] , Wiącek et al. [4] , and Królczyk [7] , moisture content significantly influences the frictional properties of kernels. Changes in moisture content induce changes in the surface properties of kernels and endosperm properties [27] . In this study, attempts were made to minimize the influence of moisture content by storing seeds in identical conditions for around 5 months. The greatest difference in the moisture content of wheat and barley grain was determined at 0.7 percentage points; therefore, it did not exert a significant effect on the measured values of the external friction angle.
The range of changes in the external friction angle of the analyzed kernels overlapped; therefore, a single cereal species that differed considerably from the remaining species could not be identified. The highest number of minimal values of the external friction angle was noted in rye kernels (on five steel plates), and the highest number of maximal values in wheat kernels (on four steel plates). Wheat kernels were most similar, and barley kernels were least similar to other cereal species in terms of their external friction angle. Therefore, wheat grain probably well-represents this group of seeds, and similar observations have been made by Molenda et al. [12] . Wheat and triticale kernels were most similar in terms of the analyzed parameter (no significant differences in seven out of nine cases). Significant differences were observed between barley and oat kernels and between barley and triticale kernels on every friction plate. The range of variations in the above parameter (17.56 • to 34.01 • ) and the corresponding range of values of external friction coefficients (0.316 to 0.675) are similar to the values given in the literature [12, 18, 28, [32] [33] [34] [35] .
The parameters of the friction plate significantly influence the external friction angle of cereal kernels. In general, the angle of external friction increases with a rise in plate roughness, which is partially consistent with the theory postulated by Frączek [1] . According to the cited author, structural materials are generally much harder than biological materials; therefore, their surface asperities are not deformed within a short period of time. When a friction plate comes into contact with cereal kernels, the asperities on the plate surface are embedded into the kernel surface and surface grooves are produced. Microprotrusions on plate surface produce "scratches", cut asperity peaks, and chisel out fragments of biological material. Therefore, an increase in plate roughness increases the deformation component of the friction force, which increases the angle of external friction. If the remaining components of the friction force were constant values, the angle of external friction would be a linear function of plate roughness. In this experiment, a linear function was not observed because the friction force is also influenced by adhesion and cohesion components. According to many authors [1, 12, 13, 36] , adhesion has the greatest influence on friction. Molenda et al. [12] investigated the behavior of wheat kernels on friction plates with various roughness and observed a rapid decrease in the friction coefficient of kernels on a plate with the greatest roughness Rt = 11 µm, which approximates the roughness parameter Ra = 1.28 µm in this study. The highest value of the friction coefficient was reported on a friction plate with roughness Rt = 6 µm (which is equivalent to roughness parameter Ra = 0.90 µm). The above findings deviate significantly from the results of this study, not only in relation to wheat kernels, but also to the remaining cereal species. According to the cited authors, the observed differences in the friction coefficients of kernels could be attributed to the varied influence of physical phenomena on the angle of friction. Adhesion effects are predominant on smooth surfaces, whereas on rough surfaces, kernel surfaces are mechanically scarred by asperity peaks on friction plates. According to Królczyk [7] , stored kernels have irregular surfaces with a predominance of grooves rather than protrusions. The asperity peaks of friction materials could become lodged in the grooves and determine the degree of contact between two materials. When motion is initiated, frictional connections are broken, kernel surfaces are scarred, and the number of these defects influences the ultimate value of a kernel's friction angle. When surface asperities on the kernel and the friction plate become aligned, a minor shift in the kernel's center of gravity can be observed towards or away from the friction plate, which will increase or decrease the cohesive component of the friction force, respectively. The alignment of surface asperities on the materials that form a friction pair changes the actual area of contact between the kernel and the friction plate, and this change is also reflected in the cohesive component of friction. The synergistic effects between surface asperities can be observed when plate roughness is Ra = 0.47 and Ra = 3.70, and the external friction angle of cereal seeds increases steeply at these points ( Figure 3) . Differences in the surface asperities of a friction plate and a seed are particularly manifested when plate roughness is Ra = 0.90, and they are less pronounced when plate roughness is Ra = 4.78. The average value of the external friction angle decreases in the above points. Friction plates with the above roughness parameters should be used to minimize seed resistance during transport and to reduce energy requirements. However, seeds transported in large-scale industrial processes wear down the friction plate and make it smoother over time, which also changes its frictional properties.
According to Frączek [1] , surface asperities in cereal kernels are determined not only by species, but also by cultivar, and kernels with various surface roughness can be encountered within the same cultivar. In a detailed analysis of kernel surface roughness in 3D space, Królczyk [7] reported that significant differences in roughness parameters can be observed at different points on the surface of the same kernel. The above observation could explain the high variation in the external friction angle of cereal kernels on different friction plates as well as the overlapping values of the relevant changes on different friction plates.
Conclusions
The results of this study indicate that the parameters of a steel friction plate significantly influence the external friction angle of cereal kernels and that local disruptions are observed relative to the generally increasing change trend. The above applies to the grain of all cereal species, and local disruptions are noted in the same characteristic locations. The external friction angle of cereal kernels ranged from 17.56 • (rye) to 34.01 • (oats) on friction plates with roughness Ra = 0.36 µm to Ra = 6.72 µm, where the smallest angle was noted on a friction plate with roughness Ra = 0.90 µm, and the largest angle on a friction plate with roughness Ra = 5.66 µm.
Friction is a complex process with three components (deformation, adhesion, and cohesion), and the external friction angle of cereal kernels changes within a wide range of values even on the same friction plate. The difference between the largest and the smallest external friction angle of kernels on a given friction plate can be as high as 20 • . The frictional properties of wheat kernels are relatively similar to those of other cereal species analyzed in this study; therefore, future research into the frictional properties of cereal kernels could be conducted solely on wheat kernels which well-represent the tested material.
Studies aiming to reduce the energy requirements of cereal processing should account for the type of structural material and the parameters of friction surfaces that come into direct contact with seeds. The frictional properties of surfaces can change over time, and this fact should be taken into account when calculating seed resistance during transport. The external friction angle of cereal kernels can change subject to the initial roughness of the friction plate.
